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•  SmBao.5Sr0.5Co205+5/LSGM  cathode  of  nanostructure  is  fabricated  by  impregnation  method. 

•  The  lowest  ARS  values  of  SmBao.sSro.sCc^Os+^/LSGM  cathode  is  0.035  Q  cm2  at  550  °C  and  0.12  Q  cm2  at  500  °C. 

•  Power  densities  of  1.5  W  cnrr2  at  600  °C  and  0.70  W  cm  2  at  500  °C  were  obtained. 
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Here  we  report  the  fabrication  of  composite  cathodes  for  reduced-temperature  solid  oxide  fuel  cells  by 
impregnating  aqueous  solutions  corresponding  to  SmBao.sSro.sCc^Os  (SBSCO)  into  the  porous  Lao.gSro.i_ 
Ga0.8Mgo.203-(5  (LSGM)  backbones.  Examination  of  X-Ray  diffraction  patterns  indicates  that  phase-pure 
SBSCO  layered  perovskite  oxides  can  be  only  achieved  at  calcination  temperatures  >900  °C.  Based 
upon  impedance  measurement  of  symmetric  cells,  the  SBSCO-LSGM  composites  calcinated  at  850  °C 
show  a  trade-off  between  the  SBSCO  phase  purity  and  catalyst  size,  and  thereby  exhibit  minimal  cathode 
polarization  resistances  with  respect  to  the  infiltrate  calcination  temperature,  e.g.,  0.035  Q  cm2  at  550  °C 
and  0.12  Q  cm2  at  500  °C  at  the  loadings  of  21  wt%.  Analysis  of  impedance  spectra  under  varied  oxygen 
partial  pressures  suggests  that  oxygen  reduction  reactions  on  the  nano-scale  SBSCO-LSGM  composite 
are  largely  dominated  by  ionization  of  adsorbed  oxygen  atoms  on  the  SBSCO  surfaces.  Thin  LSGM 
electrolyte  fuel  cells  with  impregnated  Ni  anodes  and  SBSCO  cathodes  show  high  power  densities  of 
1.5  W  cm“2  at  600  °C  and  0.70  W  cm”2  at  500  °C. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  have  been  considered  as  one  of  the  most  important 
power  generation  technologies  to  efficiently  convert  fuels  into 
electricity  in  an  environmentally  friendly  manner.  Among  various 
types  of  fuel  cells,  solid  oxide  fuel  cells  (SOFCs)  operate  at  elevated 
temperature,  and  exhibit  some  unique  advantages  such  as  high 
energy  efficiencies,  wide  fuel  flexibilities  and  rapid  electrode  ki¬ 
netics  without  the  use  of  noble  metals  as  the  catalysts  [1-3]. 
Extensive  efforts  have  been  made  to  reduce  the  SOFC  operating 
temperature  from  the  conventional  700-900  °C  down  to  500- 
600  °C,  which  allows  broad  choice  of  the  electrode  and  inter¬ 
connecting  materials,  reduces  the  system  costs  and  increases  the 
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performance  durability  [4,5].  Nevertheless,  the  SOFC  power  density 
would  drop  dramatically  at  low  temperatures  due  to  exponentially 
increased  ohmic  resistance  from  the  electrolyte  and  interfacial 
polarizations  from  the  electrodes.  The  large  ohmic  resistance  can  be 
decreased  by  reducing  the  electrolyte  thickness  and/or  using 
alternative  electrolyte  materials  such  as  doped  ceria  or  doped 
lanthanum  gallate  that  have  much  higher  oxide-ion  conductivities 
than  the  standard  yttrium-stabilized  zirconia  (YSZ).  Considering 
the  dominant  contribution  of  cathode  to  the  overall  interfacial 
polarizations,  especially  for  the  common  anode-supported  thin 
electrolyte  SOFCs,  development  of  novel  cathode  materials  and 
microstructures  with  superior  electrocatalytic  activity  and  long¬ 
term  stability  are  critically  important  to  achieve  high  enough  po¬ 
wer  density  at  reduced  temperatures  [6,7]. 

Perovskite  oxides  such  as  Lao.8Sro.2Fe03_«5,  Bao.5Sro.5Coo.8Feo.203_«5 
and  Smo.sSro.sG^^  exhibit  both  electronic  and  ionic  conductivities, 
and  have  been  extensively  investigated  as  the  cathode  materials  for 
reduced-temperature  SOFCs  due  to  extension  of  the  electrochemically 
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reactive  region  from  the  traditionally  triple-phase  boundaries  to  the 
entire  surface  [8,9].  Recently,  layered  perovskite  oxides  with  the 
LnBaCo205  formula  have  gained  great  interest  as  novel  cathode  ma¬ 
terials  because  of  their  high  oxygen  surface  exchange  coefficients  (/<) 
and  self-diffusion  coefficients  (D),  e.g.,  D  =  2.8  x  1(T10  cm2  s-1  and 
k  =  7.5  x  10-8  cm  s-1  for  GdBaCo205+x  at  500  °C  [10,11],  or 
D  =  3.6  x  10-7  cm2  s-1  and  k  =  6.9  x  10”5  cm  s-1  for  PrBaCo20s+x  at 
500  °C  [12,13].  These  values  are  substantially  larger  than  what 
observed  for  most  of  common  perovskite  oxides,  e.g., 
D  =  3.9  x  10~7  cm2  s  1  and  k  =  1.5  x  10-10  cm  s-1  for  La0.5Sr0.5CoO3  at 
500  °C  [14].  Tarancon  explored  the  potential  of  GdBaCo20s+x  as  new 
cathode  materials  and  reported  a  polarization  resistance  (Rpt  c)  value  of 
0.25  Q  cm2  on  Gdo.1Ceo.9O2  (GDC)  electrolytes  at  650  °C  [15]. 
GdBaCoFe05+x  (GBCF)  was  also  investigated  as  cathode  for 
intermediate-temperature  solid  oxide  fuel  cells  and  showed  interfa¬ 
cial  polarization  resistances  of  0.42,  0.18  and  0.11  Q  cm2  at  550,  600 
and  650  °C,  respectively  [16].  Recently,  Zhou  et  al.  showed  that 
SmBaCo205+x  (SBCO)  displayed  good  catalytic  activity  for  oxygen 
reduction  reactions  [17],  which  can  be  further  enhanced  by  partial 
substitution  of  Sr  for  Ba.  In  particular,  SmBao.sSro.sG^Os  (SBSCO) 
exhibited  interfacial  polarization  resistances  of  1.01,  0.38,  0.16  and 
0.06  Q  cm2  at  500, 550, 600  and  650  °C  [18].  Composites  of  SBSCO  and 
GDC  in  a  weight  ratio  of  1:1  showed  even  lower  polarization  re¬ 
sistances  of  0.10  Q  cm2  at  600  °C  and  0.013  Q  cm2  at  700  °C  [19]. 

Reducing  the  feature  size  of  cathode  catalysts  from  the  common 
micron  scale  down  to  the  nano  scale  can  accelerate  oxygen  reduction 
kinetics  by  providing  enlarged  number  of  active  sites  for  surface  ox¬ 
ygen  exchange  [20-22].  A  cost-effective  approach  for  obtaining  nano¬ 
scale  cathodes  is  to  incorporate  nanoparticles  into  the  pre-formed 
porous  backbones  by  impregnating  appropriate  solutions  of  soluble 
metal  salts  with  the  subsequent  calcinations.  Simple  perovskite  oxides 
such  as  doped  LaCo03,  SmCo03  and  LaFe03  have  been  extensively 
used  as  the  infiltration  catalysts  and  have  shown  excellent  perfor¬ 
mance  as  the  cathodes  for  reduced-temperature  SOFCs  [23-25].  For 
example,  the  Smo.5Sr0.5Co03  (SSC)  infiltrated  GDC  composites  show 
polarization  resistances  as  low  as  0.1  Q  cm2  at  550  °C  [24].  Even  better 
performances,  e.g.,  0.075  Q  cm2  at  550  °C  and  0.13  Q  cm2  at  500  °C, 
were  achieved  by  co-impregnating  Snr^Ceo.sOi.g  (SDC)  in  addition  to 
SSC  into  the  porous  LSGM  backbones  [26].  Note  that  the  LnBaCo205 
layered  perovskite  system  have  rarely  been  used  as  the  infiltration 
catalysts.  In  this  work,  nano-scale  catalysts  of  SmBa0.5Sr0.5Co2O5 
(SBSCO)  were  coated  onto  the  pore  walls  of  LSGM  backbone  and  were 
evaluated  as  potential  cathodes  for  reduced  temperature  SOFCs 
operating  over  the  regime  of  450-600  °C. 


2.  Experimental 

Electrochemical  properties  of  nano-scale  SBSCO  oxides  as  the 
active  cathode  catalysts  were  evaluated  using  symmetrical  cathode 
fuel  cells,  which  were  based  upon  tri-layer  structures  of  porous  | 
dense  |  porous  LSGM  that  were  produced  by  laminating  one  dense 
LSGM  tape  and  two  porous  LSGM  tapes  on  both  sides  with  subse¬ 
quent  co-firing  at  1450  °C.  Fig.  1  showed  a  typical  fabrication  process 
of  both  symmetrical  cathode  fuel  cells  and  function  fuel  cells  which 
used  in  this  paper.  To  avoid  the  damage  of  electrolyte  when  hot 
pressing  asymmetric  function  fuel  cells,  the  pressure  was  set  to  be 
800PSI,  much  lower  than  3000PSI  when  fabricating  symmetrical 
cathode  fuel  cells.  The  porous  layers  were  filled  with  40  wt%  starch  as 
the  fugitive  materials,  yielding  porosities  of  ~  40%  as  measured  using 
the  Archimedes’method.  The  SBSCO  catalysts  were  added  into  the 
porous  LSGM  backbones  by  impregnating  an  appropriate  precursor 
solution  followed  by  calcinations  at  temperatures  of 800-900  °C.  The 
symmetrical  cathode  fuel  cells  were  weighed  before  and  after  each 
impregnation-calcination  cycle  to  estimate  the  loadings  of  impreg¬ 
nated  SBSCO  catalysts,  which  were  expressed  as  the  weight  ratio  of 
the  impregnated  oxides  to  the  porous  LSGM  backbones  plus 
impregnated  oxides.  A  single  impregnation/calcination  cycle  pro¬ 
duced  a  SBSCO  loading  of  1.5-2  wt%  in  the  porous  LSGM  backbone,  so 
multiple  impregnation/calcinations  cycles  were  performed  to  in¬ 
crease  the  catalyst  loadings.  The  precursor  solutions  were  prepared 
as  follows:  stoichiometric  amounts  of  the  nitrate  salts  - 
Sm(N03)3-6H20,  Ba(N03)2,  Sr(N03)2  and  Co(N03)3-6H20-were 
dissolved  in  distilled  water.  Citric  acid  was  then  added  to  the  solution 
with  the  molar  ratio  of  the  citric  acid  to  the  total  metal  ions  at  1.5:1. 
Ammonia  was  added  to  the  above  solution  to  adjust  the  PFI  value  at 
~  4  in  order  to  ensure  full  chelation  of  citric  acid  with  metal  ions.  The 
precursor  solution  was  subsequently  heated  on  a  hot  plate  until  a 
molar  concentration  of  0.5  mol  L-1  was  obtained.  Electrochemical 
properties  of  impregnated  SBSCO-LSGM  composites  were  also 
evaluated  on  functional  fuel  cells,  where  only  one  side  of  porous 
LSGM  backbones  was  coated  with  SBSCO  catalysts  while  the  other 
was  impregnated  with  nickel  nitrate  solution  with  subsequent  cal¬ 
cinations  at  700  °C  to  form  NiO.  The  typical  NiO  loadings  were  21  wt%. 

The  phase  compositions  of  the  impregnated  SBSCO-LSGM 
composites  were  examined  using  X-ray  diffraction  (XRD,  Rigaku  D/ 
Max2500).  XRD  patterns  were  collected  at  room  temperature  with 
a  step  size  of  0.02°  in  26  over  the  scanning  range  of  15-80°.  The 
microstructure  of  the  SBSCO-LSGM  composites  was  examined 
using  the  field  emission  scanning  electron  microscope  (FESEM- 
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Fig.  1.  A  typical  fabrication  process  of  both  (I)  symmetrical  cathode  fuel  cells  and  (II)  function  fuel  cells  which  used  in  this  paper. 
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Fig.  2.  Room  temperature  XRD  patterns  of  SBSCO-LSGM  composites  calcinated  at  (a) 
800,  (b)  850  and  (c)  900  °C. 

4800).  For  electrochemical  characterizations,  silver  inks  were 
applied  on  the  electrode  surface  and  silver  wires  were  used  as  the 
voltage  and  current  leads.  Impedance  measurements  of  the  sym¬ 
metric  cathode  fuel  cells,  SBSCO-LSGM  |  LSGM  |  LSGM-SBSCO, 
were  performed  in  the  single  chamber  environment  with  the  ox¬ 
ygen  partial  pressure  ranging  from  0.01  atm  to  1  atm,  using  an  IM6 
Electrochemical  Workstation  (ZAHNER,  Germany)  with  a  frequency 
ranged  from  0.1  Hz  to  100  kHz  with  an  amplitude  of  20  mV. 


Impedance  plots  were  fitted  using  the  Zview  software.  The  func¬ 
tional  fuel  cells  were  measured  over  450—600  °C  with  humidified 
hydrogen  fuels  in  the  anodes  and  ambient  air  oxidants  in  the 
cathodes  with  a  mass  flow  of  hydrogen  and  air  both  80  seem.  The 
measurement  of  conductivity  of  a  homemade  LSGM  dense  pellet 
was  performed  using  a  4-probe  DC  Van  der  Pauw  method. 

3.  Results  and  discussions 

3.1.  Structures  and  properties  of  the  cathodes 

Prior  reports  have  shown  that  the  layered  perovskite  oxides, 
LnBaCo205  (Ln  =  La,  Pr,  Nd,  Sm,  Gd),  were  chemically  compatible 
with  the  LSGM  electrolytes  at  temperatures  below  1000  °C 
[15,17,27,28],  and  that  partial  substitution  of  Sr  for  Ba  yielded  better 
compatibility.  For  example,  no  chemical  reaction  was  observed 
between  the  GdBai_xSrxCo20s  cathodes  and  the  LSGM  electrolytes 
even  at  1100  °C  [28].  In  the  present  work,  infiltrates  within  the 
porous  LSGM  backbones  were  calcinated  at  800-900  °C  such  that 
deleterious  chemical  reactions  could  be  avoided.  Room  tempera¬ 
ture  X-ray  diffraction  patterns  of  the  impregnated  SBSCO-LSGM 
composites  calcinated  at  800,  850  and  900  °C  are  shown  in  Fig.  2, 
where  relatively  high  loadings  of  29  wt%  were  used  to  increase  the 
diffraction  peaks  from  infiltrates.  In  addition  to  large  diffraction 
peaks  from  the  LSGM  backbones,  some  visible  small  peaks  at 
26  =  34,  43  and  53  can  be  indexed  to  the  layer  perovskite  SBSCO 
oxides.  Increasing  the  calcination  temperature  yielded  stronger 
diffraction  peaks  for  SBSCO  oxides,  indicative  of  increased  crystal¬ 
lization.  Fig.  3  shows  the  representative  SEM  micrographs  of  the 
blank  porous  LSGM  skeleton  and  impregnated  SBSCO-LSGM 


Fig.  3.  The  SEM  micrograph  of  (a)  the  blank  porous  LSGM  skeleton  and  SBSCO-LSGM  composite  cathodes  calcinated  at  (b)  800,  (c)  850  and  (d)  900  °C. 
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Fig.  4.  Comparison  of  impedance  data  for  symmetric  SBSCO-LSGM  cathode  fuel  cells 
with  SBSCO  catalysts  calcinated  at  800,  850  and  900  °C  (the  ohm  resistance  have  been 
halved). 


Fig.  6.  The  pure  ohmic  resistances  (. R0 )  and  the  cathode  polarization  resistances  (RPt  c), 
as  obtained  from  impedance  measurement  of  symmetric  SBSCO-LSGM  cathode  fuel 
cells  at  550  °C,  plotted  as  a  function  of  the  SBSCO  loadings. 


composites  calcinated  at  800,  850  and  900  °C.  For  the  composites 
calcinated  at  800  °C,  the  LSGM  backbones  were  covered  with  fine 
and  well-interconnected  coatings,  and  the  typical  tendril  width  for 
SBSCO  catalysts  was  ~80  nm.  Increasing  the  calcination  tempera¬ 
ture  resulted  in  more  densely  packed  coatings  and  larger  widths  of 
the  tendril  SBSCO  particles,  e.g.,  175  nm  at  850  °C  and  350  nm  at 
900  °C. 

Impedance  measurements  were  conducted  on  symmetric 
cathode  fuel  cells  to  examine  the  influence  of  the  calcination 
temperature  on  the  catalytic  activities  of  the  impregnated  SBSCO- 
LSGM  composites  for  oxygen  reduction  reactions.  Fig.  4  compares 
Nyquist  plots  of  the  impedance  data  as  measured  in  air  at  550  °C. 
The  cathode  polarization  resistances  ( Rpt  c),  taken  as  the  overall 
width  of  the  depressed  arcs  in  Nyquist  plots,  were  0.109,  0.057  and 
0.125  Q  cm2  for  impregnated  SBSCO-LSGM  composites  calcinated 
at  800,  850  and  900  °C  respectively.  The  largest  Rpt  c  value  for  the 
sample  calcinated  at  900  °C  can  be  explained  by  substantially 
reduced  surface  area  available  for  oxygen  reduction  reactions  due 
to  excessive  coarsening  of  SBSCO  catalysts,  as  evidenced  by  large 
particle  size  shown  in  Fig.  3d.  What  is  unexpected  is  that  the 


sample  calcinated  at  800  °C  consisted  of  SBSCO  catalysts  with  the 
smallest  particle  size,  but  showed  a  polarization  resistance  that  was 
approximately  twice  the  value  for  the  sample  calcinated  at  850  °C. 
One  possible  reason  could  be  the  presence  of  minor  impurities  in 
the  infiltrates,  which  were  difficult  to  be  identified  in  the  XRD 
patterns  for  the  impregnated  SBSCO-LSGM  composites  due  to 
dominant  peaks  from  the  LSGM  backbones.  The  SBSCO  precursor 
solutions  were  gellated  at  80  °C  and  then  calcinated  at  800, 850  and 
900  °C,  respectively.  The  X-ray  diffraction  patterns  of  the  resulting 
powders  are  compared  in  Fig.  5  showing  that  phase-pure  SBSCO 
oxides  were  only  achieved  after  calcinated  at  900  °C.  For  powders 
calcinated  at  800  °C,  the  layered  perovskite  SBSCO  oxide  was  the 
predominant  phase,  but  appreciate  amounts  of  impurity  phases 
Bao.5Sr0.5Co03  and  SrCo03  were  also  observed,  which  might 
adversely  influence  the  catalytic  activity  for  oxygen  reduction  re¬ 
actions.  Despite  the  presence  of  minor  impurities  SrCo03,  the 
SBSCO-LSGM  composites  calcinated  at  850  °C  showed  the  lowest 
cathode  polarization  resistances. 


Fig.  5.  Room  temperature  XRD  patterns  of  SBSCO  powders  as  obtained  by  calcination 
of  the  precursor  solutions  at  (a)  800,  (b)  850  and  (c)  900  °C. 


Fig.  7.  The  area  special  resistance  as  a  function  of  temperature  of  SBSCO-LSGM 
composites  fired  at  850  °C  at  different  loadings. 
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Fig.  8.  Arrhenius  plots  of  conductivity  of  a  dense  pellet  of  LSGM  in  the  temperature 
range  of  450-600  °C. 

Note  that  the  infiltrated  catalysts  play  dual  roles  in  the  porous 
LSGM  backbones  -  promoting  oxygen  reduction  reactions  that 
occur  on  their  surfaces  and  collecting  the  electrical  current.  As 
shown  in  Fig.  3c— d,  a  solid  loading  of  29  wt%  was  sufficient  to  form 
catalyst  coatings  with  high  phase  connectivity  that  was  required  to 


perform  well  as  the  electrocatalysts  and  the  current  collector.  At¬ 
tempts  were  also  made  to  decrease  the  catalyst  loading,  such  that 
the  cathode  porosity  was  increased  and  gas  transport  was  facili¬ 
tated.  The  cathode  polarization  resistances  at  varied  SBSCO  load¬ 
ings  are  shown  in  Fig.  6,  where  all  cathodes  were  calcinated  at 
850  °C.  A  minimum  in  the  cathode  polarization  resistance  was 
observed,  i.e.,  Rpt  c  =  0.035  Q  cm2  at  a  SBSCO  loading  of  21  wt%.  This 
is  reasonable  considering  that  reducing  the  SBSCO  loading  would 
increase  the  fraction  of  isolated  catalyst  particles  that  showed  little 
catalytic  activity  for  oxygen  reduction  reactions  while  increasing 
the  SBSCO  loading  would  reduce  the  cathode  porosity  and  thereby 
increase  the  gas  diffusion  resistance.  The  area  special  resistance  as  a 
function  of  temperature  of  SBSCO-LSGM  composites  fired  at  850  °C 
at  different  loadings  was  shown  in  Fig.  7.  As  can  be  observed  that 
the  21  wt%  SBSCO-LSGM  composites  calcinated  at  850  °C  showed 
the  lowest  activation  energy,  e.g.,  1.33  eV  for  21  wt%  while  1.67  eV 
for  15  wt%  and  1.43  eV  for  29  wt%.  This  corresponds  very  well  with 
the  results  of  EIS  testing  that  the  21  wt%  SBSCO-LSGM  composites 
showed  the  lowest  polarization.  What  is  unexpected  is  that  the 
optimum  loadings  of  SBSCO  was  low  compared  with  other  litera¬ 
ture.  Such  low  optimum  content  of  SBSCO  may  be  related  to  the 
pore  structure  and(or)  porosity  of  LSGM  skeleton,  though  more 
research  and  evidence  were  needed.  Considering  that  the  range  of 
SBSCO  loading  was  not  wide,  further  optimization  is  also  needed, 
especially  between  15  wt%-26  wt%.  Anyway,  the  optimization  is 
not  our  goal  in  this  paper.  For  simplicity,  21  wt%  SBSCO  loadings 
was  choose  for  our  next  study.  Also  summarized  in  Fig.  6  are  the 
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Fig.  9.  Nyquist  plots  of  the  impedance  data  in  air  for  symmetric  SBSCO-LSGM  cathode  fuel  cells  with  a  SBSCO  loading  of  21  wt%  at  varied  temperatures. 
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ohmic  resistances  (. Ro )  of  the  symmetric  cathode  fuel  cells.  The  Ro 
value  decreased  from  0.31  Q  cm2  at  15  wt%  to  0.24  Q  cm2  at  21  wt%, 
and  tended  to  stable  with  further  increasing  SBSCO  loading.  These 
results  suggest  that  the  21  wt%  SBSCO-LSGM  composites  calci¬ 
nated  at  850  °C  yielded  the  best  cathode  performance.  Arrhenius 
plots  of  conductivity  of  dense  pellet  of  LSGM  was  shown  in  Fig.  8  in 
the  temperature  range  of  450—600  °C.  As  shown  in  Fig.  8,  the 
conductivity  of  LSGM  at  600,  550  °C,  500  °C  and  450  °C  was  0.02, 
0.01,  0.004  and  0.001 5S  cm'1.  Note  that  the  electrolyte  was  typi¬ 
cally  19  pm,  yielding  an  electrolyte  resistance  Rel  =  0.19  Q  cm2  at 
550  °C.  The  additional  0.05  Q  cm2  can  be  due  to  contact  resistances 
or  current  collection  losses  in  the  testing  setup  [29]. 

3.2.  Oxygen  reduction  mechanism 

Fig.  9  shows  Nyquist  plots  of  the  impedance  data  measured  in  air 
for  symmetric  cathode  fuel  cells  with  21  wt%  SBSCO  catalysts  cal¬ 
cinated  at  850  °C.  The  cathode  polarization  resistances  were  0.013, 
0.035, 0.12  and  0.55  Q  cm2  at  600,  550, 500  and  450  °C,  respectively. 
These  values  were  substantially  smaller  than  previously  observed 
for  micron-scale  layered  perovskite  oxide  cathodes,  e.g.,  0.1  Q  cm2 
for  SBSCO— GDC  composites  at  600  °C  [19],  0.093  Q  cm2  for 
PrBao.92Co205  at  600  °C  [30],  0.25  Q  cm2  for  GdBaCo205+x  at  625  °C 
[15],  0.25  Q  cm2  for  SmBao.5Sr0.5Cu205  at  650  °C  [31  ],  0.25  Q  cm2  for 
NdBao.5Sro.5Co205  at  700  °C  and  0.11  Q  cm2  for  NdBaCo2Os  at  700  °C 
[32].  The  present  nano-scale  SBSCO-LSGM  composites  also  showed 
higher  catalytic  activities  for  oxygen  reduction  reactions  than 
alternative  nano-scale  layered-perovskite  oxides.  For  example, 
nanostructured  PrBaCo205+x  cathodes  showed  a  polarization 
resistance  of  0.086  Q  cm2  at  600  °C  [33]. 

Comparison  of  these  impedance  spectra  in  Fig.  9  indicates  that 
oxygen  reduction  reactions  on  the  impregnated  SBSCO-LSGM 
composite  cathodes  consisted  of  at  least  three  different  elementary 
steps  with  the  relaxation  frequencies  at  104, 10  ~  103  and  1-10  FIz 
(referred  as  high-,  middle-  and  low-frequencies),  respectively.  The 
impedance  spectra  at  600  °C  consisted  of  a  large  middle-frequency 
arc  and  a  small  low-frequency  arc.  With  decreasing  temperature 
down  to  550  and  500  °C,  the  middle-frequency  arc  increased  pro¬ 
nouncedly  while  the  low-frequency  arc  gradually  overlapped  with 
the  middle-frequency  arc.  Further  reduction  in  temperature  to 
450  °C  resulted  in  the  appearance  of  the  high-frequency  arc  in  the 
Nyquist  plot. 

Alder  et  al.  has  shown  that  the  high-frequency  arc  is  related  to 
charge  transfer  along  the  cathode  | electrolyte  interfaces  with  a 
characteristic  frequency  >104  Hz,  while  the  middle-  and  low- 
frequency  arcs  are  surface-dominated  and  might  result  from  oxy¬ 
gen  surface  exchange,  solid-state  diffusion,  or  gas-phase  diffusion 
inside  and  outside  the  electrode,  which  called  chemical  impedance 
associated  with  non-charge-transfer  processes  [34,35].  What  is 
interesting  is  that  the  high-frequency  arc  was  only  evidenced  in  the 
low  temperature  region,  i.e.,  600  °C  showed  by  Adler  et  al.  [35]  and 
450  °C  in  our  research.  Since  the  high-frequency  resistance  was 
negligibly  small  at  temperatures  above  450  °C,  these  impedance 
data  were  fitted  using  a  simplified  equivalent  circuit  schematically 
shown  in  Fig.  10,  where  Rm  and  Ri  were  the  resistances  while  Qm  and 
0/  were  the  constant  phase  elements  for  the  middle-  and  low- 
frequency  arcs,  respectively.  The  resulting  Rm  and  Ri  values  at 


Fig.  10.  The  equivalent  circuit  for  fitting  of  the  impedance  data. 


Fig.  11.  Temperature  dependence  of  the  middle-  and  low-frequency  arcs  for  imped¬ 
ance  spectra  shown  in  Fig.  9. 


different  temperatures  are  summarized  in  Fig.  11.  The  temperature 
independence  of  the  low-frequency  arc  indicated  that  it  might  be 
related  to  oxygen  transport  or  non-dissociative  adsorption  of  oxy¬ 
gen  molecules  on  the  catalyst  surfaces.  In  contrast,  the  middle- 
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Fig.  12.  (a)  Nyquist  and  (b)  Bode  plots  of  impedance  data  for  the  symmetric  fuel  cells 
under  varied  oxygen  partial  pressures  balanced  by  nitrogen. 
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Fig.  13.  Oxygen  partial  pressure  dependence  of  the  middle-  and  low-frequency  arcs  for 
impedance  spectra  shown  in  Fig.  12. 


in  homogeneous  atmospheres  with  varied  oxygen  partial  pressures. 
At  oxygen  partial  pressure  P0l  =  0.01  atm,  the  Nyquist  plot  con¬ 
sisted  of  two  distinct  arcs,  centered  at  the  middle-  and  low- 
frequency  frequencies,  respectively.  Both  arc  decreased  pro¬ 
nouncedly  with  increasing  oxygen  pressure,  and  the  low-frequency 
arc  became  overlapped  with  the  middle-frequency  arc  for  Po2  > 
0.21  atm.  Similarly,  these  impedance  data  were  also  fitting  using 
the  equivalent  circuit  in  Fig.  10  and  the  dependences  of  the  resulted 
Rm  and  Ri  values  on  oxygen  partial  pressure  are  shown  in  Fig.  13.  The 
fitted  m  values  were  0.37  for  Rm  and  0.98  for  Ri ,  indicating  that  the 
middle-  and  low-frequency  arc  correspond  respectively  to  ioniza¬ 
tion  of  adsorbed  oxygen  atom  (step  4)  and  non-dissociative 
adsorption  of  oxygen  molecules  (step  1).  The  latter  was  also  sup¬ 
ported  by  the  temperature  independence  of  the  lower-frequency 
arc,  as  shown  in  Fig.  11.  Fig.  13  also  shows  that  the  Rm  value  in  air 
was  several  orders  of  magnitude  larger  than  the  Ri  value,  suggesting 
oxygen  reduction  reactions  were  largely  limited  by  ionization  of 
adsorbed  oxygen  atom. 

3.3.  Single  cell  performances 


frequency  arc  followed  an  Arrehenius  dependence  with  an  activa¬ 
tion  energy  of  1.58  eV. 

Note  that  cathode  polarization  resistance  usually  decreases  with 
increasing  oxygen  partial  pressure  and  can  be  expressed  as  follows, 


where  the  m  value  can  provide  some  information  on  the  rate- 
limiting  step  for  oxygen  reduction  reactions  [36],  e.g., 
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Fig.  12a  and  b  shows  Bode  and  Nyquist  plots  for  symmetric 
cathode  fuel  cells  with  21  wt%  SBSCO  catalysts  measured  at  550  °C 


The  electrochemical  properties  of  the  impregnated  SBSCO- 
LSGM  cathodes  were  also  examined  on  functional  fuel  cells  that 
were  also  based  upon  the  tri-layer  structure  of  porous  |  dense  | 
porous  LSGM  with  one  porous  layer  infiltrated  with  SBSCO  oxides 
and  the  other  with  NiO.  The  LSGM  electrolyte  layer  was  also  19  pm 
thick,  the  same  as  symmetrical  fuel  cell.  The  typical  schematic  of 
our  testing  system  was  showed  in  Fig.  14.  Such  fuel  cells  were 
measured  over  the  temperature  range  of  450-600  °C  with  hu¬ 
midified  hydrogen  in  the  anode  and  ambient  air  in  the  cathode, 
with  plots  of  cell  voltages  and  power  densities  versus  current 
densities  shown  in  Fig.  15a  and  Nyquist  plots  of  impedance  data  at 
open  circuits  shown  in  Fig.  15b.  The  maximum  power  densities 
were  1.50, 1.18,  0.70  and  0.25  W  cm-2  at  600,  550,  500  and  450  °C, 
respectively.  The  overall  polarization  resistances,  including  contri¬ 
butions  from  both  the  anode  and  the  cathode,  were  0.088,  0.127, 
0.27  and  0.816  Cl  cm2  at  600,  550,  500  and  450  °C,  respectively. 
Considering  that  the  fabrication  of  symmetric  cell  and  single  cell  is 
different,  the  polarization  resistance  of  cathode  obtained  in  sym¬ 
metric  cell  and  single  cell  is  different.  Prior  research  showed  that 
the  Ni  impregnated  LSGM  composites  exhibited  excellent  catalytic 
activities  for  hydrogen  oxidation  reactions  and  thereby  enabled 
negligible  polarization  resistances,  e.g.,  0.011  Cl  cm2  at  550  °C  [37]. 
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Fig.  14.  A  typical  schematic  of  our  testing  system. 
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Fig.  15.  (a)  Cell  voltages  and  power  densities  plotted  versus  current  density  at  different 
temperatures  for  thin  LSGM  electrolyte  fuel  cells  with  impregnated  SBSCO  cathodes 
and  Ni  anodes,  operating  on  97%  H2  —  3%  H20  fuels  and  ambient  air  oxidants,  (b). 
Nyquist  plots  of  impedance  data  at  open  circuits  at  different  temperatures  for  thin 
LSGM  electrolyte  fuel  cells  with  impregnated  SBSCO  cathodes  and  Ni  anodes,  operating 
on  97%  H2  -  3%  H20  fuels  and  ambient  air  oxidants. 

Therefore,  superior  performance  of  thin  LSGM  electrolyte  fuel  cells 
at  reduced  temperatures  can  be  primarily  ascribed  to  the  excellent 
catalytic  activities  of  the  impregnated  SBSCO-LSGM  composites  for 
oxygen  reduction  reactions. 


4.  Conclusions 


We  have  fabricated  the  composite  cathode  by  impregnating 
nano-scale  SBSCO  coatings  into  the  porous  LSGM  backbones. 
Despite  the  presence  of  minor  SrCo03  impurities,  the  catalysts 
calcinated  at  850  °C  exhibited  the  lowest  polarization  resistance  in 
air,  ranging  from  0.013  Q  cm2  at  600  °C  to  0.12  Q  cm2  at  500  °C.  Thin 
LSGM  electrolyte  fuel  cells  with  impregnated  SBSCO  cathodes  and 
Ni  anodes  delivered  maximum  power  densities  of  1.50, 1.18,  0.70 
and  0.25  W  cm-2  at  600,  550,  500  and  450  °C,  respectively.  These 
results  demonstrate  great  promise  of  the  impregnated  SBSCO- 
LSGM  composites  as  the  cathodes  for  reduced-temperature  SOFCs 
operating  at  450-600  °C.  Impedance  analysis  indicates  that  oxygen 


reduction  reactions  for  the  impregnated  SBSCO-LSGM  composites 
in  air  were  dominated  by  ionization  of  adsorbed  oxygen  atoms  on 
the  SBSCO  catalyst  surfaces. 
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